years AD). 30
The import of salt to higher latitudes by the North Atlantic Current (NAC) is essential for 32 maintaining the high density of surface waters in the Nordic and Labrador Seas 3, 4 , a pre-33 requisite for deep water formation. Deepwater formation is critical for the Atlantic 34
Meridional Overturning Circulation (AMOC) and therefore of great importance to the climate 35 system. Additionally, the heat released from the NAC, aided by the westerly winds, 36 contributes to ameliorating the climate of Europe 5 . Because of its large heat capacity, the 37 ocean is expected to be amongst the most predictable components of the climate system at 38 multidecadal time-scales. It is therefore of paramount importance to study past variability in 39 the properties of the NAC beyond the instrumental record to better constrain natural ocean 40 variability and its potential impacts on regional and global future climate. Mg in calcite foraminiferal tests is an established proxy for temperature 6 , which combined 49 with the δ
18
O composition of the same calcite, allows the isolation of the δ 18 O of seawater 50 (δ 18 O sw ) and the estimation of salinity. G. inflata lives close to the base of the seasonal 51 thermocline 7 and, due to the limited seasonal variation at this depth, it principally records 52 mean annual temperatures 8 . The chronology for RAPiD-17-5P was obtained using 12 AMS 53 radiocarbon dates, which yielded a linear sedimentation rate of 0.16 cm/year, providing an 54 integrated sample resolution of ~6 years between 818-1780 years AD (Supplementary 55 Methods). 56
Our results reveal abrupt multidecadal to centennial shifts in the temperature and salinity of 57 the NAC waters of ~3.5 ±1.1 o C and ~1.2±0.8 psu during the last millennium (Figure 2b,c) . 58
The magnitude of the hydrographic variability is substantial and comparable to that recorded 59 in a lower resolution record spanning the present interglacial from a nearby site 9 In this study, decomposition of the 93 relative contribution of the solar and volcanic forcing to the ocean changes was explored by 94 performing a series of sensitivity tests in CCSM4. In these experiments we find that changes 95 in volcanic forcing yield a qualitatively different dynamic response of the atmosphere-ocean 96 system in our region of study compared to solar forcing which consistently explain the key 97 changes described in the transient simulation ( Figure S11 -S13). We therefore conclude that 98 solar irradiance was the dominant forcing on the centennial-scale ocean changes. 99
100
The NAC and its north-western branch, the Irminger Current, constitute the main boundary 101 currents of the Subpolar Gyre (SPG) (Figure 1) . Changes in the strength of the SPG therefore 102 influence the properties, structure and volume transport of the surface circulation in the North 103 Atlantic 13 . Previous modelling and palaeodata studies have interpreted changes in the 104 hydrographic properties of the NAC, and particularly salinity south of Iceland, to be 105 controlled by frontal mixing resulting from changes in the spatial extent of the SPG as a 106 response to changes in its strength 9, 13 . For example, during a weak and contracted SPG 107 circulation a displacement of the Subpolar Front to the west would increase the contribution 108 of subtropical versus subpolar waters to the NAC, making it warm and salty. In this study, show strong solar modulation of the blocking frequency and positioning during the 11-year 154 solar cycles for the last 50 years, impacting substantially on UK winter temperatures 22, 23 . 155
Periods of solar minima, such as the Maunder Minimum, have also been shown to correspond 156 to cold temperatures in the Central England Temperature record, which is dominated by the 157 frequency of winter blockings 24 . The regional atmospheric response to solar forcing has often 158 been explained through variability in stratospheric temperatures as the response of ozone 159 formation to changes in ultra violet radiation 21, 22, 25 . Changes in stratospheric temperatures 160 have a top-down effect on tropospheric dynamics and hence induce variability of the jet 161 stream 22, 26 . Nonetheless, modelling studies with a simplified representation of the upper 162 atmosphere, like CCSM4, find a similar response to solar forcing suggesting that other 163 feedbacks such as ocean feedbacks on the atmosphere, internal climate dynamics and Pacific 164 teleconnections may also be influential 21 . On decadal time-scales, modelling and 165 observational studies have previously identified separate relationships between solar 166 irradiance and Atlantic blocking events 22, 23, 26 and blocking events and SPG strength 16, 18 167 individually. Our findings support a direct linkage between these three components of the 168
Earth's climate system, which probably shaped the North Atlantic climate over the last 169 millennium. 170
171
Climate variability on decadal timescales is largely believed to be dominated by internal 172 processes rather than external forcing, which presents large difficulties for much-needed 173 climate projections of the coming decades. However, the proxy evidence presented here, 174 supported by model results, suggest that external forcing by solar variability has a 175 considerable impact on multidecadal-centennial ocean-atmospheric dynamics, with important 176 effects on regional climate such as European winters. In this context, predictions of a 177 forthcoming prolonged period of low solar activity 27 imply direct climatic consequences. 
